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Abstract
The need for energy conservation has heightened the search for new materials that can
reduce energy consumption or produce energy by the means of photovoltaic cells. III-nitride
alloys show promise for these applications due to their generally good transport properties and
ability to withstand high power applications. Along with these, this family of semiconductor
alloys has a direct bandgap energy range (0.7-6.2 eV) which spans the entire visible spectrum
and encompasses a large portion of the available solar spectrum. Of the three root III-nitride
semiconductors, AlN, GaN, and InN, InN has only recently become attainable epitaxially with
qualities good enough to characterize and use in devices. Much, however, is yet to be answered
regarding the processes of crystal formation of InN. This study investigates the processes by
which InN nanostructures form in MBE growth. A phase diagram depicting the various growth
modes was created by varying the In/N flux ratio and growth temperature. A transition from a
2D to a 3D growth mode can be realized by lowering both the flux ratio (changing to an N rich
growth) and the growth temperature.
Structural characterization of MBE grown InN was performed using X-ray Diffraction
and Atomic Force Microscopy. Changes in the surface morphology are discussed and shown to
be affected most by the indium and nitrogen adatom diffusion length, mobility, and nucleation
densities. Characterization of the optical response of InN films was performed using Fourier
transform spectroscopy. Trends in the structural periodicity and optical response were found and
are presented within.
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Chapter 1: Introduction and Motivation
1.1 Why is Indium Nitride Important?
The recent increase in environmental awareness by the global community and warfare over
control of the short supply of available fossil fuels has led to a global outcry for change. Leaders
of most countries have agreed that the world’s current course of environmental indifference must
be altered.

The recent global trend of wanting change led to the signing of the Energy

Independence and Security Act of 2007 by the United States. The “Twenty in Ten” initiative was
a major step by “expanding the production of renewable fuels, reducing the dependence on oil,
and confronting global climate change.”
The new global awareness has led to a search for new materials that can reduce current
energy use and lead to more efficient renewable energy production. Some of the current
materials being researched are group III-nitride materials. Comprised of aluminum nitride (AlN),
gallium nitride (GaN), and indium nitride (InN), these compounds have shown some very
promising attributes. The versatility of the III-nitride materials is best illustrated by the wide
range of bandgaps covered by its alloys (0.7eV-6.2eV). This wide range has enabled applications
extending from the ultraviolet to the near infrared range. In addition, III-nitride materials have
direct band gaps which make them ideal candidates for optoelectronic devices.
Some of the most promising of the optoelectronic devices which can be made using the
III-Nitride materials are LEDs, LASERs, and photodetectors. Solid-state lighting has found a
significant role in reducing power consumption. A typical LED can produce the same light
output, but use around 10 times less power than a normal incandescent light bulb and around half
the power of a compact fluorescent bulb. Gallium nitride (GaN) doped with magnesium produces
a blue light (420 nm). Before the development of GaN, LEDs were only available in red or
1

green. The alloying of indium with GaN (InGaN) presents the opportunity for red, green, and
blue light to be produced from a single LED. Such a device could produce white light.
1.2 History of Indium Nitride Research
Indium Nitride (InN) has a relatively brief history when compared to other well-known
semiconductor materials such as silicon or the III-arsenide group. Even within its own group of
materials, the III-nitrides, InN has just recently become a material of interest to many research
groups around the world. The most significant early accomplishment came by a group at
Macquarie University in the early 1980's. This research group, through RF-sputtering, developed
a polycrystalline film of InN that had a room temperature electron mobility of 2700 cm2/V-s with
a carrier concentration of 5.5x1016[1]. Since that time, InN has received little attention until 2002
when new evidence arose that the actual bandgap of InN was closer to 0.7 eV than the original
measured bandgap of 1.94 eV.
This bandgap discovery created a lot of enthusiasm around the III-nitride group with the
hope of more efficient optoelectronic and high mobility applications. In terms of bandgap, the
III-nitride group shows excellent potential due to spanning from the near-infrared (InN-0.7eV) to
the ultraviolet (GaN-3.4eV) and even the deep ultraviolet (AlN-6.2eV). The complete visible
spectrum can be covered with the ternary alloy of InGaN (1.77-3.1eV). High efficiency solar
cells, white LED's, and multi-color emission laser are a few of the optoelectronic devices that
can be realized from this ternary alloy. In addition to the optoelectronic applications, the
discovery of indium nitride has yielded promise in the development of high mobility devices
such as HEMT structures and gas detectors [2].
Material development is the first obstacle to the realization of any device and the
development of indium nitride has been approached by many groups in many different fashions.
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Groups around the world have utilized metalorganic vapor phase epitaxy (MOVPE)[3-4],
molecular beam epitaxy (MBE)[5-26], sputtering [1], hydride vapor phase epitaxy (HVPE)[2729], pulsed laser deposition (PLD)[30-32], among other methods [33-36] to fabricate InN films.
In addition, many substrates have been used on which to fabricate InN such as sapphire (Al203),
silicon, GaAs and InAs, GaP and InP, and GaN and AlN.
Due to the many advantages that MBE growth has over other growth methods, such as
versatility, precise control of beam fluxes and growth conditions, and clean growth environment,
many groups have utilized this method for investigating quantum structures in InN. There are
three main structures formed in terms of quantum confinement. Planar or two-dimensional films
are best used for the development of quantum wells (QW) in which excitons are confined in one
dimension. Quantum Wires (QWR) are structures in which excitons are confined in two
dimensions and can be referred to as pillars or columns. The final confinement structure,
quantum dots (QD), are zero dimensional structures in which the excitons are confined in all
three dimensions. The growth of these InN structures can be very difficult. The following
discussion will demonstrate the approach used by other groups while attempting to fabricate
QW, QWR, and QD structures through MBE growth.
1.2.1 Two-Dimensional, Planar InN Growth
In 2004, T. araki et al published their finding on the growth of InN planar films on
nitridated sapphire through the use of solid source MBE. This group utilized a two-step growth
process in which a cold buffer layer of InN was deposited at 300 °C prior to the deposition of the
planar InN film less than 550 °C. They found that the quality of the InN films improved as the
growth temperature approached the dissociation temperature on InN at 550 °C. The precise
control of the III/V ratio was very important and they found that the N pressure should be higher
3

than the In evaporation pressure over In in order to suppress the dissociation of InN. In addition,
InN should be grown under slightly rich In conditions in order to enhance the surface diffusion
of In. However, the increased In flux led to the formation of indium droplets which were
troublesome to eliminate through thermal treatment. The group reported a rocking curve full
width half maximum (FWHM) in the <0002> of 260 arcsec. The photoluminescence (PL)
emission peak for these two-dimensional films was at 0.67 eV or around 1800 nm [23].
In another publication on the growth of planar InN, I. Gherasoiu et al reported a stepflow growth mode for InN grown on MOCVD fabricated GaN [0001] templates through solid
source MBE. Growth conditions included growth temperatures between 457-487 °C with a
growth rate of 0.25 µm/hr under slightly In-rich conditions. Their findings, through the use of in
situ RHEED study, showed at high temperatures that small deviations in the III-V ratio created
2D to 3D transitions. Under N-rich conditions, the excess nitrogen depleted the indium adlayer,
or adsorbed layer of indium atoms, thus leading to a 3D growth mode. However, under In-rich
conditions, there was not a 2D to 3D transition but rather the excess indium created a thicker adlayer which prevented active nitrogen from reaching the growth surface and thus decreased the
InN growth rate. This group achieved step flow growth at a growth temperature of 487 °C and an
III-V BEP ratio of 1.08. The root mean squared roughness of these samples was 1.4 nm for a 5x5
µm2 scan area. The group reported a FWHM from an ω-2θ (0002) of around 1150 arcsec [14].
1.2.2 One-Dimensional, InN Nanocolumn Growth
Many groups have reported on the growth of InN nanorods and nanocolumns using an
MBE method of growth. Most, if not all, agree that the source flux ratio of indium and nitrogen
should be highly nitrogen rich. However, there is still conflicting views concerning the growth
mechanism involved during the development of these structures. The debate lies in the formation
4

or lack thereof of nucleation sites or catalyst precursors. In other semiconductor materials such
as Si, III-V, and II-VI, nanostructures can be grown using metallic droplets on the substrate
which act as catalysts or nucleation sites. This growth mechanism, first described by Wagner and
Ellis, is the vapor-liquid-solid (VLS) mechanism for growth. In the VLS mechanism, a liquid
alloy droplet, with a relatively low freezing point, must form on the growth substrate to induce
nanocolumn growth. This impurity-alloy droplet acts as a sink for the impinging vapor flux. As
the impinging vapor enters the liquid alloy, the vapor freezes out at the growth surface with a
small amount of the impurity-alloy droplet. As this process continues, the droplet becomes
displaced by the underlying crystal growth and rides atop the structure [37].
E. Calleja et al published a very in depth analysis on the growth mechanism involved in
the formation of III-nitride nanocolumns in 2007. In this work, III-nitride nanocolumns were
grown on Si (111) substrates by RF-MBE. Through material characterization, a couple of
interesting observations were made. First, the nanocolumns had an absence of extended defects
such as basal-plane stacking faults and threading dislocations which are typically found in
Planar/Two Dimensional films. Secondly, the morphology of the nanocolumns was highly
dependent on the growth temperature of the sample. The group observed that, at elevated
temperatures, the increase in the In atom mobility “allowed the In atoms to climb up the
nanocolumn and enlarge its diameter” [18].
E. Calleja et al tested the effect of pre-patterned metallic droplets on the growth
formation of III-nitride nanocolumns. This experiment was conducted to test whether these
nanocolumns were grown by a vapor-liquid-solid (VLS) mechanism, or if the III-nitride
nanocolumns formed by another growth mechanism which did not require preferential nucleation
sites. It was concluded that the pre-patterned metallic droplets actually hindered the nanocolumn
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growth which was a direct contradiction to the VLS model. The group stated that the growth of
III-nitride nanocolumns under highly nitrogen rich conditions reduced the metallic ad-atom
diffusion rate which led to the growth of III-nitride islands from which nanocolumns begin to
grow [18].
The work reported by T. Stoica et al gave evidence that the VLS mechanism may very
well be responsible for the formation of InN nanocolumns. In their work, InN nanocolumns were
grown on a Si (111) substrates. Growth temperatures were varied between 440-525 °C and the
beam equivalent pressure of indium was adjusted between 2.3 x 10-8 and 1.5 x 10-7 mbar with a
constant growth rate determined by the impinging active nitrogen flux from an RF-plasma
source. Scanning Electron Microscopy (SEM) characterization on the InN nanocolumns
suggested a VLS mechanism for growth. In their finding for samples at the same growth
temperature, Stoica et al observed nanocolumns tapering at the tops for low indium fluxes and
widening at the tops for high indium fluxes to the point in which the tops of the nanocolumns
coalesce. It was also observed that the growth temperature of the InN nanocolumns influenced
their morphology. Nanocolumns grown at low growth temperatures (~440 °C) had higher
densities than those grown at high growth temperatures (~475 °C). The group concluded by
stating that their understanding of the growth mechanism of the InN nanocolumns was based on
two assumptions. First, nucleation of the nanocolumns was due to indium droplet formation
during the initial stages of growth from the incident indium flux and the diffusion of indium adatoms on the growth surface. Second, the initial indium droplet was consumed during the vertical
growth of the InN nanocolumn and this droplet was compensated by the incident indium flux and
the diffusion of indium ad-atoms from the lateral surface of the nanocolumns. These assumptions
seemed to follow closely to the VLS growth mechanism as described previously.
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1.2.3 Zero-Dimensional, InN Quantum Dot (QD) Growth
In 2006, Dimakis et al studied the effect that growth temperature at a fixed indium to
nitrogen flux ratio had on the nucleation density and size of InN QDs. Samples were grown on
GaN/Al2O3 (0001) templates in three separate series. Series A was grown with growth
temperatures between 300-505 °C to observe the effect of growth temperature on the nucleation,
Series B was grown at 450 °C with varying deposition times to observe the evolution of InN QD
dimensions, and Series C was grown with growth temperatures of 400 °C, 425 °C, and 450 °C
with double the In/N flux ratio of Series A in order to observe the influence of the flux ratio on
the nucleation features [27].
It was found that, at a set flux ratio of 0.15 and higher growth temperatures, the density of
the InN QDs decreased while the dimensions increased. This trend is observed until the growth
temperature approached ~470 °C where the growth rate became limited due to the disassociation
of InN. In addition, it was observed when comparing Series A with Series C that the density of
the QDs increases with the increased of the flux ratio to 0.3. It was concluded that this could be a
result of the increased impinging In atoms, but could also be a result of a change in template
quality. The GaN/Al2O3 templates used for Series C had higher edge defects than Series A.
However, the authors did not list or compare the edge defect densities and the QD densities for
either series [27].
Finally, the group discussed the growth of a 7 period matrix of InN QDs capped with low
temperature GaN layer. Through cross-sectional transmission electron microscopy (TEM), the
group found vertical alignment of the InN QDs. Due to the low growth temperature of the GaN,
it was pointed out that the structure of the InN QDs became "rougher" as the number of QD
layers increased [27].
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Further investigation into the effects of the low temperature GaN capping layer for InN
QDs can be found in a publication by Lozano et al. This group fabricated two InN samples using
MOCVD: 1) uncapped InN QDs 2) capped InN QDs with a low temperature GaN layer. Both
samples were grown on GaN/Al2O3 templates. The GaN capping layer was grown with a twostep process. The first step was a low temperature (550 °C) deposition of GaN long enough to
cover the InN QDs. The second step was an increased growth temperature deposition (1050 °C)
of GaN in order to recrystallize the low temperature, poor crystallinity GaN [28].
Through comparisons of the two samples using plain-view transmission electron
microscopy (PVTEM) and high resolution transmission microscopy the group made some very
interesting observations. Using moiré fringes from PVTEM the group determined that the InN
QDs nucleated on threading dislocations (TDs) intersecting the GaN surface. However, the TDs
did not propagate into the QD. In addition, it was found that the plastic relaxation within the QD
decreased by 6 to 16% once the QD is capped by the low temperature GaN layer and the
morphology of the dot changes. Capped QDs had larger diameters and smaller heights as
compared to uncapped dots. Finally, the group suggested that due to the relaxation of the InN
QDs through a network of misfit dislocations (MDs) at the interface of InN/GaN, the percentage
of strain relief by InN surface islanding was very low and the growth mechanism differed from
the Stanski-Krastanov (SK) mechanism. The group suggested that the actual growth mechanism
more resembled a Volmer-Webber (VW) mechanism [28].
1.3 Scope of this Study
This study investigated the growth of InN nanostructures for future development of IIInitride optoelectronic devices such as solar cells, LEDs, and HEMTs. As reported in the previous
section, some work has been published on the growth QWs, QWRs, and QDs. However, a
8

comprehensive investigation to the causes for the development of these structures was needed.
The objective of this research endeavor was to investigate the root causes for nanostructure
development and dimensional transition (2D-3D) conditions. In order to achieve this objective,
the development of a physical growth model for InN and the investigation of the underlying
material characteristics were needed. Special emphasis was placed on the development of a
phase diagram which would illustrate the transition from two dimensional to three dimensional
films. Multiple characterization techniques were utilized which included: Atomic Force
Microscopy (AFM), Reflective High Energy Diffraction (RHEED), X-ray diffraction (XRD),
and Photoluminescence (PL).
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Chapter 2: Material Properties
Indium Nitride (InN) has gained considerable interest over the past decade due to the
discovery of lower bandgap energy value and the possible applications available from this
discovery. However, many of the material properties are yet to be established. Knowing that the
optical and electrical properties of InN are tied to the structural properties of InN, a better
understanding of the structural properties of InN as well as a comparison of III-nitride materials
and competing materials is necessary. This chapter will provide a comparison of the structural,
electrical, and optical properties of III-nitride and competing materials.
The closest competitor to the III-nitride group, which includes InN, GaN, and AlN, is the
III-arsenide group. The III-arsenide’s, which include the binary alloys of InAs, GaAs, and AlAs
and other combinations of these elements, shares the ability of the III-nitrides to create devices
with sensing capabilities in the infrared (IR) region of the electromagnetic spectrum; however,
the III-arsenide group cannot extend to the UV region like the III-nitride group. For this reason
and other intrinsic material properties, the following discussion will illustrate the similarities and
differences of these two competing material groups with regards to crystalline structure and
optical and electrical properties.
2.1 Crystalline Structure
In the bulk form of III-nitride materials there are three possible crystal structures:
hexagonal, cubic zinc blende, and rock salt. The most common and thermodynamically stable
crystal structure is hexagonal. However, groups have demonstrated that III-nitride thin films can
be grown as cubic zinc blende on the {001} crystal planes of cubic substrates such as Si, MgO,
and GaAs and this atomic configuration is considered metastable. The final structure, rock salt,
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can be grown under high pressures [38]. The III-arsenide group also has a crystalline structure of
cubic zinc blende, but it is stable in this configuration.
The comparison of the stable crystalline structures for these materials is important when
it comes to selecting a suitable growth substrate for III-nitride and III-arsenide materials. Growth
substrates are much like the foundation of a building in that the atomic configuration and
neighboring atoms’ distances are critical to the stability of the grown crystalline film. Induced
strain created by mismatched crystal lattices can lead to structural defects and other growth
errors and will be discussed slightly in section 3.4.2. Included in these structural defects and
growth errors are dislocations such as edge, screw, and mixed threading dislocations, antisites,
and vacancies.
Silicon (Si), one of the most widely used semiconductors, shares the diamond crystal
structure with the III-arsenide materials in the normal <001> growth direction. Diamond and
zinc-blende crystal structures are identical in the placement and spacing of neighboring atoms;
however, diamond crystal structure is comprised of only one type of atom and is classified as
such for elemental crystals such as silicon. On the {001} crystal planes of Si, III-arsenide
materials can be grown and Si is considered a suitable growth substrate due to the fact that Si and
the III-arsenide materials have very comparable lattice spacing as seen in Table I. The lattice
constant in cubic zinc-blende, or diamond, materials, ‘a’, refers to the atomic spacing along the
{001} crystal plane as seen in Figure 1. For InAs, GaAs, and AlAs, Si has a lattice mismatch of
10.4%, 3.9%, and 4.0%, respectively.
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Table I. A Comparison of the Lattice Constants of III-arsenides, III-nitrides and Silicon [39]
Semiconductor

Semiconductor
Abbreviation

Indium Arsenide

InAs

0.35

Gallium Arsenide

GaAs

1.52

Aluminum
Arsenide

AlAs

2.24

Silicon {001}

Si

1.11

Aluminum
Nitride

AlN

6.20

Gallium Nitride

GaN

3.40

Indium Nitride

InN

0.70

Z <001>

Lattice
Constant
(Å)
ao
6.06
co
ao
5.65
co
ao
5.66
co
ao
5.43
co
ao
3.11
co
4.98
ao
3.19
co
5.18
ao
3.54
co
5.70

Bandgap
(eV)

<111>

Y <010>

X <100>

a
a

Figure 1. Illustration of cubic zinc-blende crystal structure
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As previously stated, the group III-nitride materials form a stable hexagonal structure
under normal conditions. More specifically, InN and the other group III-nitride materials form a
4

wurtzite (Wz) crystal structure of the space group P63mc or C6V . The Wz crystal structure has a
hexagonal unit cell, thus in general terms many refer to the group III-nitride crystal structure as
hexagonal. In addition, the Wz crystal structure is a variation of the zinc-blende (Zb) crystal
structure. As seen in Figure 2, viewing the Zb crystal structure along the <111> direction, the
relationship between Wz {0001} and Zb {111} can be understood [38].

(a)

(b)

Figure 2. Illustration of (a) zinc-blend <111> and (b) wurzite <0001>

The Wz structure has 6 atoms of each type and two lattice constants, a and c. The 'c'
lattice constant refers to the atomic spacing in the <0001> direction whereas the 'a' lattice
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constant refers to the spacing in the < 1 010> direction. The main difference between the Zb and
Wz crystal structures resides in the stacking sequence of the <111> and <0001> direction for
each structure respectively. For the Zb structure, the stacking sequence for the (111) plane along
the <111> direction is ABCABC. In comparison, the stacking sequence of the (0001) plane for
the Wz structure is ABABAB in the <0001> direction [38].
The lack of a suitable, low lattice mismatch substrate has slowed the research devoted to
III-nitride research. Currently, the majority of III-nitride materials are grown on sapphire
(Al2O3), 6H-silicon carbide (6H-SiC), silicon <111>, or MOCVD GaN. In addition to these
substrates others have been attempted: AlN, lithium aluminate (LiAlO2), zirconium diboride
(ZrB2), and magnesium oxide (MgO). Table II gives a breakdown of the percent lattice mismatch
for III-nitride materials and commonly used growth substrates. Comparisons of the silicon
diamond lattice and III-nitride hexagonal lattice were made by comparing the spacing of atoms
in the (111) planes of silicon and the (0001) planes of the III-nitrides. All other growth
substrates, besides silicon, are intrinsically hexagonal.
Table II. Calculated Percentage of Lattice Mismatch for III-Nitride Materials and Commonly
Used Growth Substrates
Growth Substrate

Epitaxial Film

InN

InN

GaN

10.03%

AlN

12.20%

GaN

AlN

Sapphire

6H-SiC

Si (111)

11.15% 13.90%

25.92%

15.35%

13.25%

2.47%

33.35%

3.77%

1.88%

34.96%

1.27%

0.58%

2.41%
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2.2 Optical Properties
A good representation of the bandgap energy and lattice constant for III-arsenide, IIInitride, and other III-V materials can be seen in Figure 3. Both the III-nitride and III-arsenide
materials are direct bandgap semiconductors which means that the conduction band minimum

o

Figure 3. Illustration of the bandgap energy and lattice constant of III-nitride, III-arsenide and
other III-V materials [40]

and the valence band maximum are located at the same k-point and they are both well suited for
optical applications due to the efficiency of the radiative recombination mechanism. The IIInitride materials span a larger area of the electromagnetic spectrum (0.7-6.2eV) as compared to
the III-arsenide materials (0.35-2.2eV). This fact limits the capabilities of the III-arsenide for
optical devices due to its inability to operate at and above the blue region of the visible spectrum.
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Some of the other important optical properties of the III-arsenide and III-nitride groups have
been listed in Table III.
Table III. Optical Properties of III-Arsenide and III-Nitride Materials [39]
Material Bandgap Bandgap Dielectric Refractive
(eV)
(nm)
constant
index
InN
0.7
1771
15.3
2.9
GaN
3.4
364
8.9
2.29
AlN
6.2
200
8.5
2.1
AlAs
1.98
574
9.14
2.1
GaAs
1.42
873
12.9
3.3
InAs
0.35
3543
15.15
3.51
Si
1.1
1127
11.7
3.42

2.3 Electrical Properties
GaAs and other III-arsenide materials have been long studied and much has been
accomplished in the optimization of growth conditions in order to produce high electron mobility
films. Hall mobility values as high as 8500 cm2/V-s have been reported for GaAs films [39]. The
reported electron mobility for Si is 1350 cm2/V-s which has also been extensively researched.
However, due to their native n-type doping, III-nitride materials have yet to produce high
electron mobility results. This n-type doping has been attributed to many different causes:
impurity incorporation, N antisites, and In vacancies. The most agreed upon theory for this ntype behavior is N vacancies caused by growth defects [41]. With reduced n-type carrier
concentrations, InN has been shown through Monte Carlo calculations to have a possible
electron mobility of 14,000 cm2/V-s [41]. Table IV shows a comparison of reported electrical
properties for some of the III-arsenide and III-nitride alloys. Hall mobility on p-type InN has yet
to be observed therefore a hole mobility is not available.
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Table IV. Electrical Properties of III-arsenide, III-nitride, and Si Materials [42]

Material
InAs
GaAs
InN
GaN
Si

Electron
Effective
Mass
(m*n/mo)
0.023
0.063
0.110
0.220
0.260

Electron
Mobility, μn
(cm2/V-s)
22600
8500
3200
1000
1350
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Hole
Mobility, μp
(cm2/V-s)
500
400
n/a
350
450

Chapter 3: Research Methodology
This study has investigated the growth mechanisms and material properties of indium
nitride (InN) by radio frequency molecular beam epitaxy (RF-MBE). Characterization
techniques were utilized to study the growth kinetics, atomic periodicity, film morphology, and
optical response. The following sections will give descriptions of the experimental design, RFMBE, and the characterization techniques used. In addition, characterization limitations will be
discussed as they pertain to the possibility of measurement error.
3.1 Experimental Design
A total of 16 InN samples were grown by RF-MBE in order to investigate the role of
adatom mobility in the creation of InN nanostructures. Growth Substrates consisted of MOCVD
GaN templates (~5 µm) on thick c-plane sapphire wafers (~340 µm) with a backside film of
titanium (~1 µm) to promote uniform IR heating. Samples were grown at In/N flux ratios
between 0.1 and 2.5 for growth temperatures from 350-500 °C. A list of sample flux ratios by
growth temperature were as follows:
•
•
•
•

@ 350 °C : 0.5, 1.0, 1.5, 2.0
@ 400 °C : 0.25, 0.5, 1.0, 1.5, 2.0, 2.5
@ 450 °C : 0.1, 0.25, 1.0, 1.5, 2.0
@ 500 °C : 0.25

Once grown, InN samples were investigated using Atomic Force Microscopy (AFM), XRay Diffraction (XRD), Photoluminesence (PL). These three characterization techniques were
used to achieve the goals identified: Develop an understanding of the factors which affect the
control of 1) the surface morphology, 2) crystalline quality, and 3) optical response.
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3.2 MBE Growth
Recent advances in the methods for epitaxial growth of semiconductor materials have
improved both the performance of fabricated devices and the ability to develop new materials.
Of these methods, molecular beam epitaxy (MBE) has been demonstrated to be very effective at
developing high quality epitaxial films.
3.2.1 MBE System Components
A basic MBE system is typically comprised of a cassette load-lock, sample transfer, and
growth chambers in a modular configuration as seen in Figure 4. This modular configuration
allows for independent control and system expansion. Typical additions to the basic MBE system
are modules used for metallization or material characterization. The independent control feature
of the modular design allows for each chamber’s environment to remain constant and promote
better reproducibility.
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Gate Valves

Intro Chamber

Buffer Chamber

Growth Chamber

Effusion Cells

Figure 4. Top Down Illustration of the Modular Configuration of the Veeco Gen II RFMBE
System.
One of the main aspects of MBE which distinguishes it from other methods is the use of
ultrahigh vacuum (UHV). The growth chamber of the MBE system is usually maintained at
around 5 x 10-10 torr. The use of such a low pressure environment leads to two advantages. First,
the UHV greatly decreases the concentration of impurities. Second, the UHV helps in the
delivery of the source material.
Another aspect of the MBE system is the use of effusion or Knudsen cells for the delivery
of source materials. Unlike other methods for epitaxially growing semiconductor materials, a
solid-source MBE system employs the use of these cells versus filling the chamber with gases.
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The effusion cell is typically constructed with an elongated pyrolytic boron nitride (PBN)
crucible containing the source material, heating filaments around the crucible, a thermocouple,
and several radiation shields encircling the cell as seen in Figure 5. A vapor pressure is created
by the small orifice at the end of the PBN crucible. This buildup of vapor pressure and the
ultrahigh vacuum environment leads to a molecular beam directed at the substrate [43].

Figure 5. Graphical Representation of VEECO Kudsen Effusion Cell [44]

The MBE method utilizes ultra-high vacuum (UHV), a slow growth rate, a simple growth
mechanism, and in-situ analysis to achieve high quality thin film semiconductors [43]. As
mentioned previously, the use of the UHV environment decreases the probability of impurity
incorporation and leads to a molecular beam due to the increased mean free path of the
impinging atomic species. Smooth two dimensional (2D) surfaces and interfaces are obtainable
by the MBE slow growth method. Typically equal to or less than 1 μm/hr, this monatomic
growth rate is achievable by the use of fast acting mechanical shutters which can interrupt the
molecular beam flux in less than 100 ms [43]. The MBE utilizes a simple growth process as
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compared to other epitaxial growth methods. This process can be simply modeled to define key
parameters due to the fact that the MBE method is better understood than these other methods.
The MBE’s use of UHV also allows for certain in-situ analysis techniques, such as reflective
high energy electron diffraction (RHEED) analysis as seen in Figure 6, to be used in order to
give real time feedback before, during, and after the growth process.

Figure 6. Example of a Typical Static RHEED Images Used for in-situ Analysis (a) 3D Surface
(b) 2D Surface
3.2.2 In situ RHEED Analysis
RHEED is a very useful technique for in situ analysis of MBE thin film surfaces and
growth rates. The RHEED technique utilizes the principle of electron diffraction at a shallow
grazing angle (θ ≤ 1°). RHEED is often characterized as either static or dynamic. In both cases,
the electron diffraction from the surface creates a diffraction pattern on a phosphor screen. This
diffraction pattern follows the same principles as XRD (Section 3.3.2) from Bragg diffraction.
From Bragg’s law, nλ=2dsinθ, λ can be determined for the electron beam by Equation 1 where E
is the energy in electron volts (eV) of the electron beam.
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150
Å
E (eV )

(Equation 1)

The plane spacing for a hexagonal unit cell may be found by Equation 2 [45].
hex
d hkl


3
a2
c2

4 h 2  hk  k 2 l 2

(Equation 2)

where h, k, and l are the Miller indices and a and c are the lattice constants of the hexagonal
material discussed in Section 2.1.1
In addition to the reciprocal plane spacing which results from the electron diffraction
pattern on the phosphor screen, some real space interpretations can be made of the surface
morphology. In static RHEED, a streaky pattern indicates a two dimensional surface in real
space and a spotty pattern indicates a three dimensional surface in real space.
Dynamic RHEED analysis is a very useful tool in determining growth rates. This
technique is based on the intensity of a single RHEED spot on the phosphor screen. Through the
growth of the MBE grown film, there is a sinusoidal change in this intensity as a single
monolayer is created. This process is best illustrated by Figure 7 in which the RHEED spot
intensity as a function of time is seen on the right hand side of the figure. This sinusoidal change
in the RHEED spot intensity is often called RHEED oscillations. After one complete cycle and
the known c plane lattice spacing, one can determine the real-time growth rate. More information
on the growth rate calibration can be found in Section 3.1.3.
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Figure 7. Illustration of the Formation of a Single Monolayer through in situ Dynamic RHEED
Analysis [46]

3.2.3 MBE Cell Flux and Stoichiometric Growth Point Calibration
In order to achieve a stoichiometric atomic ratio and a desired growth thickness when
using MBE, it is necessary to go through appropriate machine calibration routines. A discussion
of the importance in which dynamic RHEED analysis plays in growth rate determination was
presented in Section 3.1.2, but there are many other important variables that must be considered
during an MBE calibration. Of these variables, effusion cell flux, nitrogen plasma flux and
growth substrate temperature are conditions which the user can manipulate and act as the
independent variables.
The first step in calibrating the MBE chamber used in this work involved obtaining the
effusion cell fluxes. These fluxes were recorded as beam equivalent pressures (BEP). Figure 8
shows a typical cell temperature versus BEP graph created during the determination of a effusion
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cell flux. The BEP of an effusion cell was determined using a user defined program created in
the MBE control software, MOLLY. Through this program an average background pressure was
taken prior to the opening of the cell shutter. Once the shutter was opened, another pressure
reading was taken at the Beam Flux Monitor located near the substrate manipulator. The change
in the average background pressure and the post shuttering pressure was used as the effusion cell
BEP. Multiple measurements were made for a range of temperatures appropriate for the source
material and plotted as seen in Figure 8. Once plotted, a logarithmic fitting function was used in
Excel. This logarithmic function of the form
y  a ln( x)  b

(Equation 3)

helped determine the coefficients that were characteristic to each effusion cell. These coefficients
would be later used to determine proper cell temperatures for stoichiometric or other III/N flux
ratios.
1100

Cell Base Temperature (°C)

1080
1060

Fitted Curve Function

1040

y = 5.21075E+01ln(x) + 1.85505E+03

1020
1000
980
960
Base
940

Log. (Base)

920

BEP (torr)

Figure 8. Example of Measured BEP of Gallium Effusion Cell from MBE Calibration
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The second step in calibrating the MBE chamber for growth was determining the
stoichiometric growth point for GaN. This was achieved by varying the known Ga flux while
keeping the N flux constant. Once the stoichiometric growth point was achieved the Ga cell
temperature and N plasma conditions were recorded and a new N flux was used by adjusting the
radio frequency (RF) power and the N gas flow.
The stoichiometric growth point was determined using a dynamic RHEED method.
During a 30 second exposure of the growth surface to both Ga and N, the specular intensity of a
RHEED spot was observed. As seen in Section 3.1.2, the specular intensity decreased as material
was deposited on the surface. However, only in a case in which the stoichiometric growth ratio
was met can a full oscillation be seen. In this case, the first Ga flux at each N plasma condition is
intentionally higher than expected to ensure a metallic rich deposition. Staying metallic rich
allowed the surface to remain free from etching which was possible from the high energy ions
produced by the RF plasma source. Therefore, the specular intensity only improved after the
shutters had closed and an appropriate amount of time was given for the Ga adatoms to desorb
from the growth surface. This time was termed the “desorption time”. Ga fluxes were reduced,
after each subsequent growth, until a desorption time close to zero was reached. An example of
the data taken from this calibration can be seen in Figure 9.
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N Plasma Conditions:
Power 350 W
Gas Flow: 0.5 sccm

Ga Cell Base Temperature (°C)
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y = 0.7647x + 958.18
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961
960
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0
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10

Desorption Time (s)

Figure 9 Example of Stoichiometric Growth Ratio Determination through Dynamic RHEED
Analysis
The actual Ga cell temperature at the stoichiometric growth ratio was determined using
the linear fitted function. After many different nitrogen plasma conditions were tested, a least
squares regression was used to determine the Ga effusion cell temperatures for all N plasma
conditions. These Ga effusion cell temperatures were the reference for all other effusion cell
fluxes through the use of the effusion cell flux calibration measurements.
During this research project, the MBE chamber was opened on a few occasions. The
calibration routine discussed herein was preformed after each MBE maintenance project. While
many factors could have been introduced that would affect InN crystal growth (impurity
incorporation, changes in base pressure, etc.), the growth morphologies were found to be
repeatable.
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3.2.4 Growth Kinetics and Modes
When discussing the MBE growth process it is necessary to mention the growth kinetics
which govern the epitaxial growth of semiconductor thin films. These governing kinetic growth
processes, as illustrated by Figure 10, are adsorption, desorption, migration, incorporation, and
decomposition and are described as follows [46]:

Figure 10. Illustration of MBE Growth Kinetics

1) Adsorption: the process by which impinging atoms adhere to the surface by
overcoming some activation energy
2) Desorption: the process by which adsorbed but unincorporated atoms thermally
evaporate from the surface
3) Migration: the process of the movement of adsorbed atoms on the growth surface
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4) Incorporation: the process by which surface atoms are integrated into the epitaxial
layer or growth substrate.
5) Decomposition: the process by which incorporated atoms break free from their bonds
and leave the epitaxial layer or growth substrate.
There are three main growth modes of heteroepitaxial growth of MBE semiconductor materials
and are illustrated in Figure 11.

Figure 11. Illustration of Growth Modes Which Create 2D and 3D Surface Morphologies

The first mode, Figure 11 (a), is the Frank-van der Merwe or layer growth mode. This
growth mode is characterized by the formation of a two dimensional layer in which the atoms are
more strongly bonded to the substrate than each other. Subsequent layers, above the first
completed layer, are more loosely bound. Most technologically useful semiconductor thin films
are grown in this fashion. The second, Figure 11 (b), is the island or Volmer-Weber growth
mode. The Volmer-Weber growth mode is opposite in respect to the layer growth mode as the
atoms are more strongly bonded to each other than the growth substrate. Continued growth
occurs in three dimensions developing islands once the smallest cluster of atoms nucleate at the
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substrate. The final mode, Figure 11 (c), is the Stranski-Krastanov growth mode. This growth
mode is considered both a layer and island growth mode. During the first few monolayers of
epitaxial growth, atoms bind to the substrate developing a strained two dimensional layer.
However, the growth becomes three dimensional after a certain critical thickness is reached due
to lattice mismatch and chemical potential. The Stranski-Krastonov growth mode is the mode
used in developing self-assembled quantum dots [46]
3.3 Nucleation Theory
Of the nucleation theories, the capillarity theory is the simplest while giving possible
understanding of the connections between variables such as substrate temperature, deposition
rate, and critical film thickness. The capillarity theory is limited because it allows only for a
qualitative understanding of the nucleation process. Quantitative information is not possible
because an atomistic assumption is not used [46].
In order to nucleate, a nucleus, or cluster of atom/molecules, must change phase. This can
be seen readily nature by the formation of condensed water on a car’s windshield or frozen
condensed water found on a car’s windshield after a cold night. Capillarity theory attempts to
explain this phenomenon and is useful for semiconductor growth. This theory first assumes that
island formation occurs when impinging atoms contact the growth surface. The change of the
free energy accompanying this condensation process with an island of mean dimension r can be
written as [46]

G   3 r 3 Gv   1 r 2  vf   2 r 2  fs   2 r 2  sv

(Equation 4)

where ΔGv is the chemical free energy change per unit volume which drives the condensation
reaction, γvf is the interfacial tension between vapor and film, γfs is the interfacial tension between
the film and the substrate, γsv is the interfacial tension between the substrate and vapor, α1r2 is the
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curved surface area of the island, α3r3 is the volume of the island, and α2r2 is the circular area of
the island on the substrate as seen in Figure 12. The geometric constants are given by α1, α2, and
α3 [46].

Figure 12. Illustration of Capillarity Theory on the Condensation of Impinging Atoms on the
Growth Substrate [46]

At equilibrium, the Young’s equation between the interfacial tensions can be written as

 sv   fs   vf cos 

(Equation 5)

where the angle θ is dependent on the surface properties of the impinging atoms/molecules and
the growth substrate [46].
The growth modes discussed in Section 3.1.3 can be distinguished using the Young’s
equation. When the impinging atoms “wet” the surface as in the Frank-van de Merwe growth
mode the resulting contact angle θ=0 and

 sv   fs   vf

(Equation 6)

When the impinging atoms form islands as in the Volmer-Weber growth mode, the contact angle
 > 0 and

 sv   fs   vf
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(Equation 7

When the strain energy per unit area of film growth is larger the interfacial tension between the
vapor and film as in the Stranski-Krastanov growth mode, the following inequality is fulfilled
[46].

 sv   fs   vf

(Equation 8)

3.4 Indium Nitride Characterization
3.4.1 Atomic Force Microscopy (AFM)
Atomic Force Microscopy, or AFM, has become a useful tool in analyzing matter at the
nanoscale. Sample surfaces are probed with a cantilever with a sharp tip. These cantilevers are
typically made from silicon or silicon nitride and the sharp tip has a radius of curvature on the
order of nanometers. The nanometer sized measurements made by the AFM are made possible
by the accurate and precise movements of the piezoelectric elements of the system. The purpose
of this section is not to completely describe the AFM control system and its overall functionality,
but to discuss the functionality of the AFM as it pertains to this research and discuss its
resolution limits.
The AFM has three modes: Contact, Non-Contact, and Tapping. Contact mode, as its
name suggests, the measurement of a sample surface morphology by cantilever deflection while
the cantilever tip is in “contact” with the surface. Contact mode can lead to damaging the sample
surface. Non-Contact mode is the measurement of the sample surface without touching the
surface with the cantilever tip. Using frequency or amplitude modulation, surface morphologies
can be probed due to forces such as van der Waals, dipole-dipole, electrostatic, etc. Non-Contact
mode does not lead to a degradation of the cantilever tip or the sample surface; however, the
surface morphology can be skewed due to the presence of a liquid surface layer. Tapping mode,
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which is the mode in which was performed in this research, is a blend of both contact and noncontact modes [47].
Tapping mode attempts to overcome the limitations created by contact and non-contact
AFM which include surface and tip degradation and measurement inaccuracy due to a liquid
surface layer. Tapping mode consists of driving the cantilever to oscillate near its resonant
frequency by a piezoelectric element. The amplitude of oscillation in tapping mode is around 20100 nm which is much greater than the amplitude of oscillation for non-contact mode (10 nm).
An electric servo uses a piezoelectric actuator to keep the oscillating cantilever contacting the
surface at the bottom of its swing. “A feedback loop maintains constant oscillation amplitude by
maintaining a constant RMS of the oscillation signal from a split photodiode detector.” An image
is produced by the intermittent contacts of the tip with the sample surface [47].
Scanning error in tapping mode is typically from both the tip shape and size and ambient
noise conditions. In this research, the silicon probe chip produced by MikroMasch had a tip
radius of curvature of 10 nm, a resonant frequency of 170 Hz, and a spring constant of 40 N/m.
A typical AFM probe chip can be seen in Figure 13. Assuming that the tip of the cantilever is
straight, the limitations of this measurement technique occur when probing between structures
that separated by a distance smaller than that of the radius of curvature.
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(a)

50 μm

(b)

Figure 13. (a) SEM Image and (b) Schematic Drawing of a Typical Si AFM Tapping Mode
Probe Chip [49]

3.4.2 X-Ray Diffraction (XRD)
X-Ray Diffraction (XRD) involves investigating a crystal with x-ray radiation. X-ray
radiation is important to the overall process due to the fact that its wavelength (10 -10 m) is on the
same order of magnitude in size as the inter-planer atomic spacing of crystalline solids. The
purpose of this section is to briefly discuss the theory behind XRD and present the reasons for
which peak broadening would be observed for different InN crystals.
X-rays are generated by bombarding a metal, typically copper (Cu), with high energy
electrons in an evacuated tube. This bombardment of high energy electrons produces the x-ray
radiation from the metal electrons. Before traveling toward the sample, the x-ray radiation passes
through a monochrometer in order to select a narrow wavelength band of x-rays. When x-rays
collide with an atom or the electron cloud, the surrounding electrons begin to vibrate with the
same frequency as the incoming radiated beam. In most directions, destructive interference will
occur. However, due to the periodic spacing of the crystalline atoms, in a few directions the
scattered x-ray waves will be in phase and will create constructive interference. These directions
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occur when the path difference AB (2d sin θ) between scattered x-rays is equivalent to nλ as seen
in Figure 14.

Figure 14. Illustration of Bragg’s Law [50]

This this is a statement of Bragg’s Law which relates the spacing between atomic planes
(d) and the angle of the incident beam (θ). Bragg’s Law can be expressed in the form seen in
Equation (9).
Equation (9)
“The crystal acts as a three-dimensional (3D) grating which as the sample or detector is
moved a 3D array of diffraction maxima can be investigated”. Each set of atomic planes will
produce a diffraction maximum. These diffraction spots are associated with the reciprocal space
and the crystal planes are associated with the real space [50].
Reasons for Peak Broadening in XRD
There are many causes for peak broadening, or an increase in the FWHM, for single
crystal XRD measurements: instrument broadening, defects, strain, and limited correlation
length. Instrument broadening is characteristic for the X-Ray diffractometer used to take the
measurements. For comparisons between films, instrument broadening would not be a concern;
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however, if accurate dislocation densities were to be calculated from XRD, this broadening
would need to be taken into account.
Defects, such as N vacancies, metal antisites, or threading dislocations, are an inherent
trait in III-nitride materials, as are strain, due to the lack of a native growth substrate as
mentioned in a previous section. Dislocations can cause broadening through microstrain and
lattice rotations called tilt and twist at the dislocation sites. For dislocations running along the
[0001], tilt is created by screw dislocations, twist is created by edge dislocations, and both are
created by mixed dislocations [50].
Strain, due to unrelaxed thin films, creates wafer curvature which can also create
broadening in the XRD line width. This wafer curvature is created by the difference between the
[0001] GaN growth substrate and InN thin film’s in-plane lattice parameter. Similar results are
created by the in-plane lattice mismatch at the GaN and Sapphire interface [50]. However,
assumptions must be made that the wafer curvature due to the in-plane lattice mismatch between
GaN and Sapphire are constant and do not change from wafer to wafer.
Correlation length in crystallography is a measure of the long range order of a crystal.
This refers to length over which the crystal’s unit cell is predictably repeated. Often, the
correlation length refers to crystallite size. Microscopically, a disordered, bulk crystal can be
made up of many individual crystallites. The Scherrer equation, Equation 11, shows that the peak
width, B, is inversely proportional to crystallite size and is written as

B(2) 

K
L cos 

(Equation 11)

where L is the mean size of the ordered crystallites, “K is a shape factor, λ is the x-ray
wavelength, B is the FWHM, and  is the Bragg angle” [45].
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3.4.3 Photoluminescence (PL)
Photoluminescence, or PL, is the process of photon emission from excited electrons
decaying to the valence band from the conduction band. The measurement of this process has
become a powerful technique in characterizing semiconductor micro- and nanostructures. Some
of the fundamental properties for which information can be obtained from this measurement are
crystalline order, strain, composition, doping, surface carrier depletion depth, layer thickness,
and extended defects [46].
The measurement of PL is typically made by a Fourier Transform InfraRed (FTIR)
spectrometer. A spectrometer is an optical instrument used to measure properties of light within
a specific range of wavelengths of the electromagnetic spectrum. The FTIR spectrometer is a
two-step measurement device which obtains an InfraRed (IR) interferogram and then performs a
Fourier transform on the interferogram to obtain a spectrum. At the heart of most FTIR systems
lies a Michelson Interferometer.
The Michelson Interferometer, as seen in Figure 18, is comprised of three components: a
moving mirror, a fixed mirror, and a beam splitter. Of course for measurements, a source and
detector must be available.
Light enters the interferometer from the source and is equally divided, through reflection
and transmission, to the moving mirror and fixed mirror by the beam splitter. As the moving
mirror moves a length, Δl, the optical path difference (OPD) changes. The point in which the
distance of the moving mirror is equal to the distance of the fixed mirror, called the zero path
difference (ZPD), acts as the reference to the distance, Δl, in which the moving mirror travels.
The ZPD is also the point at which all wavelengths are in phase and a “centerburst” can be
observed on a interferogram. As the moving mirror travels away from or toward the ZPD, the
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optical path difference changes by 2Δln, where n is the index of refraction for the medium in
which the light propagates. Constructive and destructive interference patterns are observed as the
reflected light goes in and out of phase due to the movement of the mirror. Constructive
interference occurs when the OPD is nλ (n is an integer) and destructive interference occurs
when the OPD is nλ/2 (n is an odd integer) [51].

Figure 15. Illustration of Michelson Interferometer
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Chapter 4: Experimental Results
4.1 Morphological Evolution in Indium Nitride Growth
Indium nitride has been shown to follow distinct characteristic growth regimes depending
on the growth temperature at a fixed ratio of In to N (In/N) flux [21]. These are still relatively
recent results, so it was necessary to investigate their repeatability. In addition, it was necessary
to investigate the effects on InN growth morphologies by altering the In/N flux ratio and the
growth temperature. A complete study of In/N flux ratios and growth temperatures would allow
precise control of the dimensionality of the InN growth and this study is reported herein.
InN samples were grown by MBE varying both growth temperature and In/N flux ratio.
The growth temperature was measured using a non-contact thermocouple and the In/N flux ratio
was the ratio of impinging In atoms to N atoms. All ratios presented in these results are
referenced to the N flux for a growth rate of 0.27 ML/s obtained from stoichiometric GaN
growth calibrations discussed in the previous section. Samples were grown for the same amount
of time (1 hr) for a desired growth thickness of ~277 nm. Growth Substrates were GaN templates
consisting of 5μm of MOCVD grown, metal polar GaN on 340 μm thick, c-plane, sapphire
wafers. The back side of the GaN template was coated with a 1μm thick film of titanium to
promote uniform IR heating from the manipulator heater of the MBE. The expected volume of
deposited InN is the same for all samples in this work. The surfaces of the resulting InN growths
can be seen in Figure 16.
In Figure 16, the structure height could be determined from the the z-scale of the AFM
image. However, without sufficient space to probe between structures (10 nm), the actual
structure height is unknown. The sub-surface structure of the lowest mobility samples is
unknown at this time. Three sub-surface structures are possible: the dense island structures have
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coalesced below the surface roughness, the surface features are the top of closely packed
nanocolumns, or they are QDs on top of QDs (like a pile of pebbles). Without cross-sectional
SEM or TEM, it is hard to justify one of these possibilities over another. Therefore, one must
consider the appearance of the morphology of each sample in comparison to other samples in
determining the factors which influence the growth of InN.

Figure 16. Diagram of InN surfaces by AFM from MBE growth
For InN growth, the effect of varying the two parameters, In/N flux ratio and growth
temperature, on the morphology of the sample surface was considered. By varying the In/N flux
ratio, the effective surface diffusion length and mobility was affected due to the change in the
chamber pressure. By changing the growth temperature, the adatom’s mobility was once again
influenced by the change in the surface adatom’s thermodynamic energy. However, the effect of
growth temperature increases on In desorption rate and InN decomposition rate due to their low
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activation energies were also considered. The increase of the growth temperature could become
detrimental to the overall creation of indium nitride as the temperature approaches 500 C. It has
been observed that the decomposition temperature of InN is approximately 600 C [21]. Due to
the Arrhenius nature of this decomposition with an activation energy of 3.7 eV [21], substantial
decomposition begins to occur around 500 C for an In/N flux ratio of 0.14.The In/N flux ratio
was referenced to a N flux that corresponded to an InN growth rate of 700 nm/hr.
Dimakis et al originally concluded in 2004 that the morphology of InN followed distinct
growth regimes due to the change in adatom mobility by the change in growth temperature. His
descriptions of each regime are as follows:

Regime 1: (T < 400 °C) Dense island nucleation with coalescence occurring from the
onset of growth. Regime characterized by low surface adatom mobility.

Regime 2: (400 °C ≤ T ≤.470 °C) Sparse island nucleation with incomplete
coalescence. Feature density decreases with increased substrate
temperature. Regime of “increasing surface kinetics.”
Regime 3: (T > 470 °C) Sparse growth of “plane-tree leaves” with plateau features.
Regime is characterized by increasing InN decomposition with increasing
growth temperature. [21]

Examples of these regimes can be seen from samples grown for this thesis work in Figure
17. The work by Dimakis in understanding the morphological evolution of InN should be
considered the “State of the Art” for InN to this point in time; however, Dimakis’s work does not
investigate the effect of the In/N flux ratio on the morphology and crystal quality of InN. As
stated previously, the mobility of surface adatoms (In & N) will be affected by both the growth
temperature (increased thermodynamic energy) and In/N flux ratio (changes to the chamber
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pressure). Therefore, the effect of the growth temperature and In/N flux ratio on the morphology
and crystal quality has yet to be determined.

Figure 17. (top row) Figures from Dimakis’s work in developing a physical growth model
due to growth temperature. [21]. (bottom row) AFM scans confirming Dimakis’s findings
from current research work

Considering that the adatom mobilities for both In and N can be influenced by changes in
the growth temperature and In/N flux ratio, samples were initially evaluated as seen in Figure 18.
In Figure 18, the adatom mobility increases in both the x- and y-directions of the graph, but due
to different phenomenon. As already mentioned, the y-direction mobility is affected by changes
in adatom thermodynamic energy and the x-direction is affected by changes in chamber pressure.
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Figure 18. Diagram of InN Phase Transitions with various growth temperatures and In/N flux
ratios

4.1.1 Growth Temperature versus In/N Flux Ratio
Initially, trends in the evolution of the InN morphology were not apparent due to the
extreme changes in morphology for a 50 °C change in the growth temperature and the slight
change in morphology for a 0.5 In/N flux ratio change. This disparity is seen in Figure 18 and be
explained by the exponential change in thermodynamic energy due to temperature change and
the linear pressure change due to the In/N flux ratio change.
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μ (Growth Temperature)
μ (In/N Flux Ratio)

Figure 19. Example of the Morphology Changes Differences between Growth Temperature and
In/N Flux Ratio Changes

As one can see, a 50 °C change in the growth temperature changed the morphology from
a “spaghetti” type structure to large, dense vertical structures, yet the same one step change in the
increase in In/N flux ratio only slightly changed the “spaghetti” structure. It wasn’t until the
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adatom mobility change was proposed as seen in Figure 20 that a progression of the film
morphology was observed.

Figure 20. Illustration of the InN Morphology Evolution from Adatom Mobility Changes due
to Changes in In/N Flux Ratio and Growth Temperature. Each Sample is labeled with the
appropriate In/N flux ratio and Growth Temperature (°C).

The progression, seen in Figure 19, starts at the highest In/N flux ratio (2.5) and lowest
growth temperature (350 °C) and ends with the lowest In/N flux ratio (0.1) and highest growth
temperature (450 °C). The overall flow of the progression is through decreasing In/N flux ratio to
the lowest flux ratio for a given growth temperature, and repeating at the next highest growth
temperature. From this observation, one can see that the overall evolution of the InN morphology
begins with dense, small island growth through a quasi-vertical/lateral growth and finally into
large, sparse islands.
4.1.2 Two-Dimensional Growth of InN at High In/N Flux Ratios
In the case of two-dimensional growth as seen in Figure 21, the excess In accumulated
and created a smooth surface during growth. The excess In/N ratio increased the pressure of the
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surrounding environment effectively reducing the surface diffusion length of the adatom and its
mobility. There was not a preferential nucleation process at these higher flux ratios due to the
absence of available adsorption sites. This two-dimensional growth mode essentially forced the
metal In species to “wet” the surface. Once the surface was completely “wetted” due to the
excess In flux, the growth mode took on a Frank-van der Merwe appearance allowing epitaxial
growth of a smooth surface.

Figure 21. AFM images of 2D InN samples with high In flux content and In/N flux Ratios ≥ 2

Once the impinging nitrogen diffused through the accumulated indium, the nitrogen
nucleated at the growth interface without prejudice. This process, as seen in Figure 22, continued
as the InN grew vertically, yet the excess indium was never fully eliminated due to the high
indium to nitrogen flux ratio. This has been seen also for Ga “self-surfactant” growth where
liquid Ga accumulates on the surface of 2D grown GaN with an excess of Ga flux [53].
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Figure 22. Illustration of Growth Process in Growth Regime I. of two-dimensional films a)
Initial Growth Condition b) Indium Accumulation c) InN Nucleation and Continued Indium
Accumulation

This 2D growth mode separates itself from the other 3D InN samples. Following the
adatom mobility progression (Figure 20), the first instance a 2D film occurs at the lowest
possible atatom mobility case, yet the second instance occurs five samples later and is considered
to have higher adatom mobility. This indicates that the excess In adlayer must be the cause for
the 2D surface morphology. It has been shown that an accumulation of an In bilayer (two
monolayers of In adatoms) on the surface actually increases the lateral transport of N adatoms at
the liquid-solid interface through lateral diffusion. The free N atoms actually prefer to move
below the In bilayer rather than on the surface of it [52]. Therefore, the increase in the N
mobility due to the In adlayer could be the cause of the 2D surface morphology. Indication of
this In adlayer was observed post-growth through the Omega-2Theata XRD scans of the (0002)
planes as seen in Fiigure 23. The additional peak observed at 16.5° was a clear indication of
excess crystalized In metal. However, this excess In was not observed for samples with slightly
lower In/N flux ratios.
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Figure 23. Omega-2Theata (0002) XRD of Excess In samples with clear indication of residual In
post-growth.
4.2 X-Ray Diffraction Trends in Indium Nitride Growth
X-Ray Diffraction (XRD) measurements were made using an X’pert MRD with a
quadruple bounce monochromator in symmetrical scan symmetry. All samples were investigated
using a copper source with Kα radiation of wavelength 1.5406 Å. Simple ω-2θ scans of the
crystals were made to investigate the crystal quality through variations in the [0002] plane
separation distances. Samples were aligned using the GaN [0002] diffraction peak and all InN
peaks were observed in reference to this alignment. A typical full ω-2θ XRD scan can be seen in
Figure 24.
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Figure 9. Example of an ω-2θ Scan of the [0001] Plane for InN Growth
Figure 24. Example of an ω-2θ Scan of the [0002] Plane for InN Growth

Crystal quality was determined by calculating the full width at half maximum (FWHM)
for the InN [0002] XRD peaks as seen in Figure 25. A fitting function was used in Origin to help
reduce error. While the FWHM of the [0002] diffraction did not give all necessary information in
determining crystalline quality, it did supply general information showing trends in quality of the
structure.
During the XRD measurement of the InN [0002] reflections, the GaN substrate was used
to align the instrument in order to accumulate the maximum counts through the detector and
achieve a Lorentzian peak shape. Subsequently, the InN peak was referenced with respect to the
GaN peak with its value set at the theoretical relaxed value of 17.286°. This correction did not
influence the peak shape or FWHM, but it did change the absolute peak position.
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Figure 25. Example of XRD Measurement of InN Peak at Absolute Theta with Fitted Curve and
FWHM from Origin Software
The full range of XRD measurement is shown in the same format as the mobility figure
presented in the previous section as seen in Figure 26. It can be seen from the figure that most of
the peak shapes were a Lorentzian distribution, but the two highest adatom mobility samples
showed a Gaussian distribution shape. The peaks were fitted according to which distribution
shape gave the overall “best” fit according to the r-squared value of the fitted function through
the Origin software. The two samples represented with a star (*) symbol exhibit neither a
Gaussian nor Lorentzian distribution. This was likely due to a missing detector slit during
measurement. Unfortunately, these samples cannot be measured again because they are no longer
available.
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Figure 26. XRD Peak Shapes for InN Samples with Changing Adatom Mobility. Each Sample is
labeled with the appropriate In/N flux ratio and Growth Temperature (°C).

4.2.1 Effects on Crystalline Quality through Adatom Mobility Change
Increased adatom mobility is generally regarded as a means in which higher quality films
can be grown. The increase in adatom mobility tends to lead to better atomic incorporation and
improved surface coverage. In order to reduce defect and dislocations which would affect the
overall crystal quality, surface adatoms must have sufficient time to reach their proper position
within the crystal lattice [32]. This “time” is directly related to the diffusion length of the adatom
and mobility is directly proportional to the diffusion length. Therefore, it was hypothisized that
the increased mobility of the adatom directly improves the quality of the crystalline film.
However, a different trend was observed in the growth of InN as seen in Figure 27. The error
represented in Figure 26 is due to the step size of the XRD measurements, which was ±18
arcsecs.

51

900

350 C

400 C

450 C

800

XRD FWHM (arcsec)

700
600
500
400
300
200
100

± 18 arcsec
0
Increasing Adatom Mobility

Figure 27. FWHM Values for InN Samples from Lowest to Highest Adatom Mobility

The FWHM values reported were for the line width for the distribution of the c-plane
(0001) lattice parameter. A high quality film would have a periodic (0001) spacing and therefore
a small FWHM value for the ω-2θ scan of the [0002]. The causes for peak broadening have been
discussed in Section 3.3.2 and were instrument broadening, defects, strain, and limited
correlation length. Instrument broadening was inherent in all of the InN [0002] measurements
and should be considered to be relatively constant throughout the range of measurements.
4.2.2 Discussion of Possible Broadening Causes in XRD Peak Shapes
Defect broadening due to N vacancies, metal antisites, or threading dislocations could be the
cause of the observed XRD broadening. Unless the formation of the 3D structures at the onset of
InN growth relived all of the in-plane strain due to lattice mismatch, defect and dislocation
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creation at the crystal-substrate interface could have acted as a strain release mechanism. Once a
defect was created it would propagate through the crystal in the growth direction. This trend is
often seen in the growth of very thick GaN films such as the MOCVD GaN templates in which
the InN samples were grown. Typical defect densities for these templates are approximately 10 7
cm-2. As the crystal-substrate interface increased, the creation of a strain releasing defect became
more probable and therefore an individual crystal with increased base width would have a higher
number of propagating defects.
Strain could also play a different role than the one just proposed. As the 3D structure
height increased, the overall volume of the structure increased. When a structure remained small
(<50 nm in width), the surface area was much larger than the volume of the crystal. This surface
area allowed the crystal to relieve strain through its surface construction. However, as the
structure increased in size, the surface area to volume ratio for the crystal went down and the
ability of the crystal to relieve strain through surface construction diminished. Therefore, strain
propagated through the crystal and changed the c-plane lattice parameter. This phenomenon is
illustrated in Figure 28. It was due to this effect that the inhomogeneous strain increased as the
structure size increased and created the broadening that was observed in the InN XRD [0002]
peaks.
Finally, the correlation length could be the cause of the XRD peak broadening. If the
Scherrer equation from Section 3.3.2 is used to calculate the crystallite size from the FWHM
values obtained in Figure 27 while using a shape factor of 0.9, then the crystallite size of the
sample with the highest adatom mobility was 34.5 nm. This value was much smaller than the 519
nm structure height observed in the morphology study. Therefore, crystallite size was not a
viable explanation for the broadening observed in the XRD InN peaks.
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Figure 28. Illustration of the Role of Inhomogenious Strain in the C-plane Spacing

From this discussion, it can be argued that the majority of the XRD broadening was
caused by inhomogeneous strain. However, there was a contribution to the XRD broadening due
to defect creation, but this contribution was limited because of the fact that defects were created
at the nucleation interface and not throughout the crystal.
4.3 Photoluminescence Trends in Indium Nitride Growth
Photoluminescence (PL) measurements were made using a BOMEM DA8 FT-IR
spectrometer with a PL accessory. The excitation laser used had a wavelength of 532 nm and an
unfocused intensity of 65 mW. In order to detect wavelengths within a range of ~ 0.5 to 5.0 μm,
a quartz beam splitter and an indium antimonide (InSb) detector were used. All PL results
displayed in this section were taken at 77K using a Janis ST-100 SP continuous flow cryostat
under a vacuum pressure of ~ 10-5 torr.
Optical quality was determined by calculating the FWHM for the main InN PL peaks. A
Gaussian fitting function was used in Origin to help reduce error. Most PL spectra obtained
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exhibited “shouldering” on the low energy side of the main emission peak. These “shoulder”
peaks were accounted for by using a multiple Gaussian peak fitting tool with the Origin software.
While the FWHM of the PL from the InN spectral response did not give all necessary
information in determining overall crystalline quality, it did supply general information about
optical quality.
The full range of PL measurements is shown in the same format as the mobility Figure 18
presented in the morphology section as seen in Figure 29. It can be seen from Figure 29 that
most of the peak shapes are a Gaussian distribution. The maximum relative PL intensities are
given in the inset of each curve. The error in the intensity was ±10% on any given day due to the
fluctuations in the excitation laser intensity.

Figure 29. PL Peak Shapes for InN Samples with Changing Adatom Mobility (inset) Maximum
PL Intensity. Each Sample is labeled with the appropriate In/N flux ratio and Growth
Temperature (°C).
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4.3.1 Effects on Optical Quality of InN through Adatom Mobility Changes
The measurement of the PL emission peak FWHM can be a good indication of crystal
quality. Defects within crystal structures can cause peak broadening. A good graphical
illustration of the physical process of crystal defect peak broadening follows in Figure 30. In this
graphical representation, electron-hole (e-h) pairs have three possible recombination sites: away
from a defect, near a defect, or at a defect. The location of the recombination site in which the
electron relaxes back to the valence band affects the energy of the emitted photon. If the E-H pair
recombine away from the defect, then the photon energy will be the band gap energy of bulk InN
(0.67 eV). Near the defect the photon energy will be slightly less than the band gap energy.
Finally, depending on the nature of the defect, the E-H pair will either recombine with its lowest
possible energy, characteristic of the defect, or may recombine nonradiatively. Therefore, as the
defect denisty within the crystal increases, a broadening of the PL spectra towards lower energy
would be expected.

I

III
II

Figure 30. Illustration of Possible Radiative and Nonradiative E-H Pair Recombination
Processes. a) Physical Illustration of E-H Pair Creation and Recombination Sites. b) Bandgap
Illustration of Possible Recombination Site Influences on Photon Energy
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The PL emission FWHM values for the InN samples are given in Figure 31 for increasing
adatom mobility. One should notice the three outliers on the low end of the adatom mobility axis.
It was assumed that due to the small structure size (<50 nm) the relative large excitation
wavelength (532 nm) that the excitation source could not couple to the small InN structures. The
lack of light coupling produced little optical response from the InN structures.
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Figure 31. PL FWHM Values for InN Samples from Lowest to Highest Adatom Mobility

No trend for the PL FWHM could be seen in Figure 31. It seemed that the PL FWHM
was constant. Figure 32 is a graphical comparison of the PL maximum relative intensity and the
PL integrated intensity. The relative maximum intensity and the integrated intensity increase
with increasing adatom mobility. The integrated intensity is an indication of the volume of
optically active material. If the FWHM of the PL is a good indication of crystalline quality, then
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the results of Figure 31 suggest that the crystalline quality decreased with increased adatom
mobility. In the same regard, the PL maximum relative intensity and integrated intensity also
increased with the increase in adatom mobility. So, what does this mean with regard to the
evolution of these InN films with constant volum as the adatom mobility increases?
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Figure 31. Graphical Comparison of PL Relative Integrated Intensity and PL Maximum Relative
Intensity for InN Samples from Lowest to Highest Adatom Motility

It was originally stated that the PL FWHM could be broadened by the distance of the
recombination site from a defect. In addition to defect broadening, the PL FWHM could be
broadened by inhomogeneous strain. These were the two main suspected causes for the
broadening observed in the XRD measurements. However, the relative maximum intensity gave
another piece of evidence that was previously unavailable. If the majority of defects acted as
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non-radiative recombination sites then the relative maximum intensity of the PL emission should
go down if the broadening were due to defects. Therefore, one would assume that the cause of
the broadening is not defect related, but rather due to inhomogeneous strain broadening. This
was also observed
4.3.2 Investigation of Secondary Peaks from Photoluminescence Measurements of InN
From the PL investigation it was observed that there were secondary peaks influencing
the overall peak shape. Considering that these secondary peaks were on the low energy side of
the PL response (<0.67 eV), it was necessary to determine whether they were due to specific
defect states or a band of defect related transitions modulated by Fabry-Pérot/etalon fringing
from multiple interfaces within the sample substrate. Figure 33 (a) shows a diagram of these
growths with the approximate index of refraction for each layer. Here, one can see that the GaN
template layer was very similar in magnitude to the wavelength of light observed for the PL,
which indicated a strong possibility to observe etalon fringes. An example of these secondary
curves and the Gaussian curve fits are displayed in Figure 33 (b).
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Figure 32. Graphical Example of (a) Fabry-Pérot/Etalon Fringing and (b) Fabry-Pérot/Etalon
Determination

The free spectral range of an etalon (Δλ), or wavelength separation between adjacent
transmission peaks, is given by the equation: [54].

 

20

2nl cos 

(Equation 13)

where, λ0 is the central wavelength of the nearest transmission peak, n is the refractive index of
the cavity medium, l is the thickness of the cavity, and θ is the angle of incidence. Solving for the
thickness of the cavity, Equation 13 becomes:

l

 20
2n

(Equation 14)

In order to make the appropriate calculation, a refractive index of 2.25 was used for GaN as the
cavity medium. This refractive index was reported for wavelengths near 1800 nm [40].
Transmission peak locations were determined with a Gaussian curve-fitting program in Origin as
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seen in Figure 33 (b). The results are displayed in Table V These samples had the most
pronounced fringes for analysis.
Table V Gaussian Curve Fit Peak Location and Calculated GaN Thickness from Fabry-Pérot
Calculations

Growth
Temperature
(°C)

In/N
Flux
Ratio

Peak
Position
(eV)

peak1
(nm)

peak2
(nm)

400
400
400
450

1.0
2.0
2.5
1.0

0.677239
0.673677
0.678369
0.671080

1830.17
1840.65
1826.57
1847.77

1963.12
2004.55
1962.65
2006.61

Δλ
(nm)

132.95
163.90
136.08
158.85

Cavity
Thickness,
lPL (μm)
6.01
5.00
5.85
5.19

From the calculations it seemed that if the secondary peaks were created by etalon fringes
that the thickness of the GaN medium is between 5.00 and 6.01 μm. This calculation was within
20% of the maximum reported GaN thickness from the manufacturer of 5 μm. A secondary set of
measurements were performed using a Shimatzu spectrometer for reflectivity analysis. The
reflectivity fringes from the GaN substrate can be seen in Figure 34. A comparison of the results
obtained through the measurement of the PL shoulders and the GaN reflectivity can be seen in
Table VI.
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Figure 33. Example of Reflectivity Measurement for Determining the GaN Thickness

Table VI. PL and Reflectivity Fringes Comparison

62

Chapter 5: Conclusions and Future Work
Three specific goals were identified at the beginning of this research: Develop an
understanding of the factors which affect the control of 1) the surface morphology, 2) crystalline
quality, and 3) optical response of MBE grown InN samples. In order to achieve these goals, InN
samples were grown through varying the In/N flux ratio and growth temperature. Once grown,
InN samples were investigated using Atomic Force Microscopy (AFM), X-Ray Diffraction
(XRD), Photoluminescence (PL).
The surface morphology of the InN samples was investigated using AFM. It was
observed that the 3D structure size increased with a decrease in In/N flux ratio and/or an increase
in growth temperature. This observation indicated that the 3D morphological evolution of the
InN surfaces was attributed to the mobility of the In adatom. It was also observed that for
samples under very high In/N flux ratios and an excess In adlayer 2D growth occurred. The 2D
nature of InN surface under these conditions was attributed to the excess In adlayer and
improved N adatom mobility through lateral diffusion.
The crystalline periodicity, or crystalline quality, of the InN samples was investigated
using XRD. The FWHM was used to determine the relative quality of all films produced through
this work. Lower FWHM values were considered to be an indication of higher quality InN. It
was observed that the XRD FWHM values increased as the mobility of the In adatom and
structure size increased. This was contrary to what was expected for higher mobility growth
conditions. However, the results indicated that the increase in structure size led to
inhomogeneous strain and an inclusion of growth defects at the growth surface interface during
the ripening process.
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The optical response of the InN samples was investigated using PL. FWHM, relative
maximum intensity, and integrated intensity were calculated and used to determine the factors
which influence optical response in InN films. The FWHM of the InN samples was observed to
remain constant (23-48 meV) through the change in In adatom mobility. However, the integrated
intensity did show an increase with the increase in the In adatom mobility. The constant nature of
the PL FWHM and the increase in integrated intensity indicated that the broadening of the PL
signal was due to inhomogeneity and not defect creation due to the increased structure size and
increased optically active volume of InN. It was also observed that the modulation found in the
lower energy tail of the InN PL peaks was not due to discrete defect levels such as N-vacancies,
but was caused by optical interference fringes from the underlying GaN growth substrate.
Some underlying questions are yet to be resolved in this work. In order to quell most of
the uncertainty, cross-sectional analysis should be done to determine the underlying InN
structure and investigate possible coalescence. However, this work does provide enough insight
in order to see the possible projects for MBE InN growth. Utilization of the bandgap emission
range for InN and GaN (0.7-3.4 eV) would help in development of a high efficiency solar cell or
RGB LED. Problems associated with InGaN phase separation and GaN capping methods must
be investigated in order to make these devices a reality.
In summary, a better understanding of the growth mechanisms of InN can be found from
the results presented in this thesis. QWs, QDs, and nanocolumns can be grown using these
findings. Electrical devices such as an InN/GaN HEMT could be realized with InN growths with
very high In/N flux ratios. These films demonstrate a very desirable two dimensional interface.
Three dimensional InN seems to be a good candidate for optical device applications. InN QDs
could be a possible material choice for an IR photodetector. With the possibilities of high
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electron mobility and the range of bandgap energies within the III-N family, InN looks to be an
important material for future device fabrication.
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Red, Green, and Blue: The Colors of the New Quantum States of Emission
By Paul Minor
Every nation carries a symbol of their union with patriotic colors. The United States uses red,
white, and blue, as do many other countries around the world. However, scientists find that these
colors are not as important when it
comes to spectral emission. The
scientific community has adopted a new
set of colors to represent their efforts:
Red, Green, and Blue.
Obviously, there is not a standard bearer
flying the colors of the scientific
community, but these colors are
important in creating white light. Using
combinations of wavelengths 650 nm
(red), 510 nm (green), and 475 nm (blue)
one can achieve white light. But you may
ask, “Why is this important?”
Until recently, the energy efficient light
emitting diode (LED) had been widely
ignored. This is due to many factors two
of which were that LED’s were
expensive and they exhibited low output. However, there has been an outburst of recent scientific
breakthroughs for this device due to the need for a more energy efficient replacement for the
incandescent bulb.
One scientist in particular, MS μEP student Paul Minor and Dr. Gregory J. Salamo of the
University of Arkansas, have begun research on the design of an RGB-LED using nitride
materials. In his work, Mr. Minor has developed a plan in which he will use indium nitride (InN)
quantum dots in order to replicate the colors necessary for white light emission. He has currently
completed the first step of his work by developing a new process in which he can artificially
control the size of his quantum dots. Size is important in many things, but the size of quantum
dots can change the colors which are emitted.
Mr. Minor’s work is derived from previous studies on material families such as the III-arsenide
group. This work, referred to as droplet heteroepitaxy, utilizes molecular beam epitaxy to form
metallic droplets on a growth surface and crystallization from a non-metal element.
While he’s still in the discovery stage, Mr. Minor fully believes that this endeavor will produce
colorful results.
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Appendix B: Executive Summary of Newly Created Intellectual Property

The following list of new intellectual property items were created in the course of this
research project and should be considered from both a patent and commercialization perspective.
1. Demonstrated the role in which III/N adatom ratios and growth temperature have on
the formation of InN nanostructures through adatom mobility manipulation by MBE.
2. Demonstrated the role in which III/N adatom ratios and growth temperature have on
adatom mobility and subsequently the crystal quality and optical response of InN
through MBE growth.
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Appendix C: Potential Patent and Commercialization Aspects of listed Intellectual
Property Items

C.1 Patentability of Intellectual Property
Since no devices were presented in this work, the patentability of the InN growth process
is the only consideration that may be made. The InN growth process reported in this thesis is a
culmination of research efforts established by previous published findings in the research
literature. This process does not offer any additional advances to the state of the art, but could be
considered a slight incremental advancement of previously applied knowledge. The following
discussion will give a brief example of why each newly created intellectual property could not be
patented.

1.

Demonstrated the role in which III/N adatom ratios and growth temperature

have on the formation of InN nanostructures through adatom mobility
manipulation by MBE. The creation of InN nanostructures has been reported in
numerous studies previous to this study. This work is therefore a culmination of the
previous work that provides a new way of understanding the factors associated with InN
nanostructure creation. Some novelty exists in the approach to understanding this
behavior, but not in the process in general. Therefore, this process does not qualify for a
US patent.
2.

Demonstrated the role in which III/N adatom ratios and growth temperature

have on the crystal quality and optical response of InN through MBE growth. Once
again, numerous studies have reported on the crystalline quality or optical response of
InN nanostruces. However, these studies have been limited in scope and not looked at all
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entire range of InN phases as a whole and the effects in which changing In and N adatom
mobilities have on the properties of InN nanostructures. This study is therefore another
culmination of previous studies with an incremental improvement in understanding the
material’s behavior, but does not qualify for a US patent.
C.2 Commercialization Prospects
The growth process for InN by MBE presented in this thesis was intended for material
understanding. Building off of previous studies, a better understanding of the factors which
influence the development of InN nanostructures was obtained. However, the results produced
from this study ware considered fundamental in nature. Commercialization prospects would
require a more refined application of the understanding developed from this study in the form of
a possible device or novel structure.
C.3 Possible Prior Disclosure of IP
Prior disclosure of the previously mentioned items has occurred on two separate
occasions. The first occasion was at the Fall 2009 Materials Research Society Conference in
Boston, Massachusetts. The second occasion occurred at the Spring 2010 Abstract to Contract
Conference at the University of Arkansas in Fayetteville, Arkansas.
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Appendix D: Broader Impact of Research

D.1 Applicability of Research Methods to Other Problems

The research methods described within this document can be applied to most
semiconductor growth and characterization studies. The use of material science, structural
characterization and optical characterization can be generally used in the deposition of alloyed
semiconductors.

D.2 Impact of Research Results on U.S. and Global Society

There are no foreseen impacts on the U.S. and Global Societies produced by the research
presented in this thesis.
D.3 Impact of Research Results on the Environment
The research presented in this thesis displays no immediate adverse impact on the
environment because no hazardous materials were created or used.
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Appendix E: Microsoft Project for MS MicroEP Degree Plan
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Appendix F: Identification of All Software Used in Research and Thesis/Dissertation
Generation
Computer #1:
Model Number: Dell Vostro 230
Serial Number: 86LKJM1
Location: BELL4130
Owner: Nano Institute
Software #1:
Name: Microsoft Office 2010
Purchased by: Nano Institute
Software #2:
Name: OriginPro 8
Purchased by: Dr. Gregory J. Salamo
Software #3:
Name: WSxM
Purchased by: Free
Software #4:
Name: Crystalograph
Purchased by: Free
Computer #2:
Model Number: Dell Optiplex
Serial Number: 46BEIB4
Location: Home
Owner: Steven P. Minor
Software #1:
Name: Microsoft Office 2007
Purchased by: Steven P. Minor
Software #2:
Name: WSxM
Purchased by: Free
Software #3:
Name: Crysalograph
Purchased by: Free
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